Cerebellar granular neuronal precursors (CGNPs) proliferate in response to the mitogenic activity of Sonic hedgehog (Shh), and this proliferation is negatively regulated by activation of cAMP-dependent protein kinase (PKA). In the basal state, the PKA catalytic subunits (C-PKA) are inactive because of their association with the regulatory subunits (R-PKA). As the level of cAMP increases, it binds to R-PKA, displacing and thereby activating the C-PKA. Here we report that, in the presence of Shh, inactive C-PKA accumulates at the cilium base of proliferative CGNPs whereas removal of Shh triggers the activation of PKA at this particular location. Furthermore, we demonstrate that the anchoring of the PKA holoenzyme to the cilium base is mediated by the specific binding of the type II PKA regulatory subunit (RII-PKA) to the A-kinase anchoring proteins (AKAPs). Disruption of the interaction between RII-PKA and AKAPs inhibits Shh activity and, therefore, blocks proliferation of CGNP cultures. Collectively, these results demonstrate that the pool of PKA localized to the cilium base of CGNP plays an essential role in the integration of Shh signal transduction.
Introduction
Cerebellar granular neuronal precursors (CGNPs) are generated within the external germinal layer (EGL) during development of the cerebellar cortex. During cerebellum development, CGNPs exit the cell cycle and migrate through the Purkinje cells to establish the three layers of the cerebellar cortex (Altman and Bayer, 2008; Hatten and Heintz, 1995; Ramon y Cajal, 1911) . Clonal expansion of CGNPs is achieved by the mitogenic activity of Sonic hedgehog (Shh) signalling emanating from the Purkinje cells to the EGL (Dahmane and Altaba, 1999; Wechsler-Reya and Scott, 1999) . Shh transduces its signals through the Patched (Ptc) and Smoothened (Smo) receptor complex, delivering activated forms of Gli (Ci) transcription factors to the nucleus (Ingham and McMahon, 2001 ). This pathway can be negatively regulated through phosphorylation of Gli2 and Gli3 (Gli2/3) by PKA, GSK3 and CK (Tempe et al., 2006) . These phosphorylation events target Gli2/3 to the proteasome, where removal of its transactivation domain generates a potent transcriptional repressor of the pathway (Wang et al., 2000; Wang and Li, 2006) . However, in the presence of Shh, intact Gli2/3 functions as a transcriptional activator (Lum and Beachy, 2004; McMahon et al., 2003) . The inhibition of PKA as a requirement for Shh signalling is supported by the observation that a cAMPinsensitive mutant of the PKA regulatory subunit (mRI-PKA) (Clegg et al., 1987) mimics several effects of Shh, including spinal cord patterning (Epstein et al., 1996) . Nevertheless, stimulation with Shh has not been reported to reduce cAMP levels or PKA activity. Although PKA activity is mainly regulated by cAMP levels, its subcellular distribution is determined by its association with the different members of the A-kinase anchoring proteins (AKAPs) (McConnachie et al., 2006) . In the basal state, PKA catalytic subunit (C-PKA; also known as PKA-C) is inactive because of the presence of bound regulatory subunit (R-PKA). Increased levels of cAMP bind to and displace R-PKA, thereby permitting active PKA to phosphorylate different substrates (Iyer et al., 2005) . The intracellular cAMP levels are mainly regulated by the stimulatory and inhibitory GTP-binding proteins (G proteins) which control the activity of adenylate cyclase. Interestingly, Smo has been reported to directly activate Gi in reconstituted cell systems such as frog melanophores (DeCamp et al., 2000) and SF9 insect cells (Riobo et al., 2006) ; Gi is also required for Hedgehog signalling in Drosophila (Ogden et al., 2008) .
Primary cilia (9+0) are ubiquitous structures that play a critical role in vertebrate development and cellular functions. Intraflagellar transport proteins (IFT) are essential for the biogenesis and maintenance of the cilia structure. Several IFT proteins have been suggested to transduce vertebrate Hedgehog signalling at a step downstream of Patched 1 (Huangfu et al., 2003) . Consistent with this, Hedgehog signal induces Smo accumulation at the cilium (Corbit et al., 2005 ) through a mechanism controlled by Ptc located at the periciliar area (Rohatgi et al., 2007) . Other components of the Hedgehog signalling pathway such as Gli2/3 and SuFu have also been reported to localize to the cilium (Haycraft et al., 2005) . Based on these collective results, the cilium is thought to be the main Hedgehog-signal-integrating structure in the cell.
We found that PKA accumulates at the base of the primary cilium in CGNPs that are proliferating in the presence of Shh, whereas withdrawal of Shh triggers the local activation and dispersion of PKA in these cells. Our results reveal that termination of the Shh signal increases the levels of phosphorylated PKA targets in different cellular compartments including the nucleus. We also demonstrate that the binding of type-II PKA regulatory subunits (RII-PKA; also known as PRKAR2A) to AKAP molecules mediates the localization of the PKA holoenzyme at the cilium base; following PKA activation, only the C-PKA is dispersed whereas the RII-PKA remains anchored at the cilium base. Finally, our studies show that disruption of the binding of RII-PKA to AKAPs inhibits Shhinduced proliferation of CGNPs.
Results

C-PKA subunit accumulates at the base of the cilium in CGNPs
In the absence of Shh, CGNP cultures do not proliferate and rapidly initiate an irreversible differentiation into granular neurons. By contrast, the addition of Shh at the time of plating maintains proliferation of these cells for several weeks. It is worth noting that even at a maximal Shh concentration some cells cease to proliferate and differentiate into the typical long neurite bearing granular neurons. Several components of the Shh signalling pathway, including Smo, have been reported to accumulate at the primary cilium (Corbit et al., 2005) . Here we used an antibody raised against the C-terminus of C-PKA to study its subcellular distribution in CGNPs. We observed that in proliferating undifferentiated CGNPs cultured in the presence of saturating concentrations of Shh, C-PKA accumulated within a very restricted subcellular area. Double staining of CGNPs with anti-C-PKA and anti-acetylated -tubulin (which labelled the microtubules of the shaft and the base of the primary cilium as well as the axons of differentiated neurons, but not the centrioles) revealed that C-PKA accumulated at the base of the cilium but not in the shaft. (Fig. 1A) . We also observed that CGNPs have a relatively short cilium as compared with published descriptions of primary cilia from fibroblasts or other cell lines. In most CGNPs, the cilium adopts an orthogonal position relative to the cell and appears as a spot in the maximal projection of confocal images; however, it can be identified as a cilium in the separated confocal planes or in the Z-plane stacks ( Fig. 1B and supplementary material Fig. S1 ).
To further define the subcellular localization of C-PKA, we double-stained CGNPs with anti-C-PKA and anti--tubulin, a structural component of the mitotic spindle and centrioles. During mitosis (M phase), the centrioles form the centrosomes that organize the mitotic spindle (Pedersen and Rosenbaum, 2008) . However, during interphase, one of the centrioles migrates to the plasma membrane and develops into the cilium basal body, from which the microtubules of the cilium originate (Pedersen and Rosenbaum, 2008) . The intense -tubulin staining of the mitotic spindle remnant precluded the identification of the centrioles in a portion of the cells (Fig. 1C) . However, in the cells where the anti--tubulin antibody exclusively labelled the centrioles, C-PKA was detected in the area surrounding the centrioles (Fig. 1C and supplementary material Fig.  S2 ). To provide additional support for these observations, we obtained Z-plane stacks of three selected confocal planes, which show the C-PKA below and between the two centrioles (Fig. 1D) .
Shh signalling regulates C-PKA accumulation at the cilium base
We next studied the possibility that Shh signalling regulates the subcellular distribution of C-PKA. Prior studies have demonstrated that Shh deprivation or activation of PKA by cAMP analogues initiates the rapid and irreversible differentiation of neurons (AlvarezRodriguez et al., 2007) . Consistent with these observations, when CGNPs were starved of Shh for periods greater than 4 hours, most of the cells became insensitive to the proliferative effects of Shh and initiated terminal differentiation. Thus, to evaluate the relationship between Shh and the subcellular localization of PKA, CGNPs were first cultured in the presence of Shh, and immunostaining for C-PKA was performed after removal of Shh or upon activation of PKA with the cAMP analogue DBA. Intense anti-C-PKA immunostaining was consistently located at the cilium base in proliferating cells ( Fig.  2A,B) . However, after 1 or 2 hours of Shh deprivation, we observed a progressive dispersion of the C-PKA signal ( Fig. 2A) . A similar but more pronounced redistribution of the C-PKA pool was noted when PKA was directly activated with DBA ( Fig. 2A,B) . These results suggest that the loss of C-PKA immunostaining at the cilium base observed after withdrawal of Shh could be due to the displacement of this subunit and subsequent activation of PKA. Double-labelling with antibodies against acetylated -tubulin confirmed the presence of a primary cilium in these cells and the absence of C-PKA at their base following DBA treatment (Fig. 2B ). These data suggested that the accumulation of C-PKA at the cilium base is dependent on the activity of the Shh pathway.
Withdrawal of Shh activates C-PKA at the cilium base
The inactive PKA holoenzyme is formed by a tetramer containing two regulatory (R-PKA) and two catalytic (C-PKA) subunits. The binding of cAMP to the R-PKA displaces the C-PKA. Autophosphorylation of C-PKA at Thr197 is an initial and required event that has been used to monitor C-PKA activation (Iyer et al., 2005) . Thus, we used an antibody against C-PKA(T197-P) to study the effects of Shh signalling on C-PKA. The intensity of anti-C-PKA(T197-P) fluorescence measured in a standardized area around the cilium base of CGNPs increased significantly (161±12%) 2 hours after withdrawal of Shh (Fig. 3A,B) . Unexpectedly, the direct activation of PKA with DBA reduced this fluorescence intensity to 53±18% (Fig. 3A,B) . Although the effects of activation on the release and dispersion of C-PKA has been reported (Iyer et al., 2005) , our results might also be explained by activity-dependent degradation of C-PKA. To distinguish between these possibilities, we studied the levels of C-PKA(T197-P) using western blotting (Fig. 3C ). In agreement with the immunofluorescence data, the levels of C-PKA(T197-P) were clearly increased 2 hours after Shh removal. Interestingly, DBA treatment induced a robust increase in C-PKA(T197-P), suggesting that the decrease in immunofluorescence signal following DBA treatment (Fig.  3A ,B) was due to redistribution of active C-PKA rather than to protein degradation. Thus, these results indicate that deprivation of Shh activity in CGNPs activates PKA at the cilium base.
Activated PKA phosphorylates cytoplasmic and nuclear substrates after cessation of Shh signalling
The subcellular distribution of PKA substrates (PKA-PS) remains controversial. Several reports have suggested that C-PKA translocates to the nucleus after activation and many nuclear proteins are established targets of PKA activity (Sands and Palmer, 2008) . Although the inhibition of PKA activity by Shh has been widely accepted, direct experimental evidence demonstrating either the repression of PKA activity by Shh or the increase of PKA activity upon termination of Shh signalling is still lacking. Using an antibody that recognizes the phosphorylated PKA consensus motif (Rxx[S/T]-P), we studied the timing and subcellular distribution of the proteins phosphorylated by PKA, either after Shh depletion or after direct PKA activation with DBA ( Fig. 3D,E) . In the presence of Shh, the levels of PKA-PS within CGNPs were low and detected mainly in the nucleus. However, an
Journal of Cell Science 123 (1) hour after withdrawal of Shh, the intensity of anti-PKA-PS inmunofluorescence increased significantly (150±9%) throughout the whole cell. A similar but more intense pattern was observed in CGNPs treated with DBA (240±28%; Fig. 3D ,E). These results were further confirmed by western blotting of whole cell lysates (Fig. 3F ). Both withdrawal of Shh and addition of DBA clearly increased the levels of PKA-PS. Although DBA was more effective at inducing the phosphorylation of PKA substrates, the phosphorylated proteins appeared to be the same in both cases. These results constitute the first direct evidence that PKA is activated upon withdrawal of Shh signals. The fact that PKA-PS was increased throughout the cell whereas C-PKA activation was mainly detected at the cilium base could be due either to dispersion of C-PKA after local activation or to dispersion of PKA substrate after phosphorylation.
RII-PKA determines the localization of C-PKA to the cilium base
Two types of R-PKA subunits (I, II) and three types of C-PKA subunits (, , ) have been described. In comparison with the catalytic subunits where sequence differences among the different isoforms are minimal, the two regulatory subunits have different affinities for artificial cAMP analogues (Newhall et al., 2006) and more importantly, they bind different members of the AKAP scaffold proteins family (McConnachie et al., 2006) . Hence, we considered the possibility that the localization of C-PKA to the cilium base might be determined by its association with the particular R-PKA subtypes. To test this, we compared the subcellular distribution of FLAGtagged RI-PKA and RII-PKA in cultures of CGNPs proliferating in the presence of Shh. We observed that whereas RI-PKA expression was uniformly distributed in the cell (Fig. 4A) , RII-PKA concentrated at the cilium base (Fig. 4A ) in a pattern identical to that of the endogenous C-PKA (Fig. 1) . These results suggested that the accumulation of C-PKA at the cilium base was mediated by its association with the RII-PKA subunit rather than the RI-PKA subunit.
C-PKA but not RII-PKA is released from the cilium base after PKA activation
To further study the dynamics of PKA activation and subcellular distribution, we next investigated whether the dispersion of C-PKA from the cilium base, observed after PKA activation, was the result only of the release of the catalytic subunit or whether a translocation of the regulatory subunit also occurred. We performed two independent sets of experiments. First, we transfected vectors to express cyan RII-PKA and yellow C-PKA fusion molecules in (B)Higher magnification images from a parallel experiment in which cells were double-stained with anti-C-PKA and anti-acetylated-tubulin reveal the complete depletion of C-PKA at the cilium base after PKA activation. The location of cilia is indicated by white arrows. Scale bars: 10m. Shh controls PKA at the cilium base proliferating CGNPs and measured the percentage of FRET from RII-PKA-CFP to C-PKA-YFP in the area corresponding to the cilium base. Interestingly, we observed that the percentage of transmission was significantly reduced (10.82±0.63% to 2.55±1.66%) after PKA activation as compared with unstimulated control cells (Fig. 4B) . Additionally, C-PKA-YFP tended to accumulate in large vesicles, which was not observed with other C-PKA constructs such as C-PKA-FLAG; we interpreted these C-PKA-YFP bubbles (indicated by arrowheads in Fig. 4B ) as artifacts most probably resulting from the YFP fusion. As a second approach to defining the mechanism responsible for the localization of PKA, we studied the distribution of RII-PKA-FLAG and endogenous C-PKA in proliferating CGNPs treated with DBA. In accord with the previous experiment, we observed that endogenous C-PKA colocalized with RII-PKA-FLAG in control cells. However, upon PKA activation, this colocalization was completely abolished, although the expression pattern of RII-PKA-FLAG was not altered by DBA treatment (Fig. 4C) . Collectively, these data indicated that after PKA activation, the catalytic but not the regulatory PKA subunit changes it subcellular distribution.
PKA accumulation at the cilium base is mediated by the binding of RII-PKA to AKAP scaffold proteins
It has been reported that the subcellular distribution of RII-PKA depends on its association with AKAPs (McConnachie et al., 2006) . Therefore, we next performed a series of experiments to investigate whether the localization of PKA to the cilium base is mediated by the binding of RII-PKA to AKAPs in proliferating CGNPs. We studied the subcellular distribution of a mutated form of RII-PKA lacking the AKAP binding domain (RII 2-6 -PKA-FLAG).
Interestingly, the accumulation of this mutant at the cilium base was greatly reduced but not totally abolished (Fig. 5A ). Because this mutant still retains the RII-PKA dimerization domain, we questioned whether the detection of a small fraction of this mutant at the cilium base was due to the dimerization of RII 2-6 -PKA-FLAG molecules with endogenous RII-PKA, or alternatively, whether PKA might be anchored to the cilium base via an AKAPindependent mechanism. To clarify this issue, we next transfected RII
2-50
-PKA-CFP, a mutant protein that lacks both the AKAP binding and the dimerization domains. Interestingly, none of this mutant protein was detected at the cilium base (Fig. 5B) , strongly suggesting that the AKAP binding domain is necessary for the distribution of RII-PKA at the cilium base.
RII-PKA binding to AKAPs is required for Shh-induced proliferation of CGNPs
The results described above demonstrate that, in the presence of Shh, a significant pool of the PKA holoenzyme formed by RII-PKA and C-PKA is anchored by AKAP molecules to the cilium base. We next investigated the functional relevance of PKA accumulation for the Shh pathway in CGNPs. Thus, we assessed the effects of St-HT31, a cell-permeable peptide that specifically disrupts RII-PKA binding to AKAPs, on Shh-mediated proliferation of CGNPs. The addition of this peptide significantly reduced Shhinduced proliferation of CGNPs in a dose-dependent manner whereas the scrambled control peptide had no effect (Fig. 5C) . Moreover, the proliferation of CGNPs was also significantly reduced in cells transfected with the RII 2-5 -PKA-FLAG mutant (Fig. 5D ) which lacks the domain for binding AKAPs. These experiments indicate that the association of RII-PKA with AKAPs is required not only for the accumulation of PKA at the cilium base but also for Shh-induced proliferation of CGNPs.
The inhibition of RII-PKA binding to AKAPs induces CGNPs differentiation
The overexpression of C-PKA in CGNPs inhibits proliferation and promotes differentiation (data not shown), most probably because the saturation of the endogenous inhibitory mechanism mediated by RII-PKA subunits. Thus, we evaluated whether the disruption
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of the interaction between RII-PKA and AKAPs also induced differentiation in addition to the anti-proliferative effects shown in Fig. 5C . Proliferating CGNP cultures were treated for 1, 2 or 3 days with St-HT31 or the scrambled control peptide and the percentage of proliferating precursors and differentiated granular neurons was determined by BrdU incorporation and anti-tubulin-III staining (Fig. 5E-G) . The observed reductions in proliferation were always accompanied by proportional increases in the number of cells expressing neuronal differentiation markers. These results confirm that the inappropriate localization of PKA mimics the effects of PKA activation induced by either C-PKA overexpression or by Shh removal. It is worth noting that, although St-HT31 arrested proliferation and initiated a premature differentiation, it also reduced the length of the neurites, suggesting a requirement for the interaction between RII-PKA and AKAPs in neurite elongation. These results indicate that the subcellular distribution of PKA at the cilium base is essential for the proper activation of the Shh pathway in CGNPs, and that this localization depends on the association of the RII-PKA subunit with AKAPs. Fig. 4 . Localization of C-PKA at the cilium base is determined by RII-PKA. (A)RI-PKA-FLAG (upper panels) or RII-PKA-FLAG (lower panels) constructs were transfected into CGNP cultures grown in the presence of Shh. The localization of the PKA regulatory subunits was revealed by an anti-FLAG antibody and the cilium was stained with anti-acetylated tubulin. It can be appreciated that only RII-PKA accumulated at the cilium base (cilia positions are indicated with white arrows). (B) RII-PKA-CFP and C-PKA-YFP were co-transfected into CGNPs grown in the presence of Shh. The white arrow marks the cilium position and the white arrowheads indicate artifacts generated by the RII-PKA-CFP vesicles (see Results for details). The FRET from RII-PKA-CFP to C-PKA-YFP was calculated at the cilium base of cells treated with DBA or left untreated. (C)RII-PKA-FLAG was transfected into CGNPs cultured with Shh and treated with DBA or left untreated.. The cells were fixed and double-stained with anti-FLAG and anti-C-PKA antibodies, demonstrating that only the catalytic subunit of PKA is dispersed away of the cilium base after PKA activation (white arrows indicate the position of the accumulated RII-PKA-FLAG, presumably at the cilium base). Scale bars: 10m. Shh controls PKA at the cilium base
Discussion
Is Shh signalling in CGNPs mediated by a cAMP reduction?
Previous studies from other groups as well as data from our laboratory strongly suggest that a reduction of intracellular cAMP is a central step of Shh signalling. Various lines of evidence support this notion, including the fact that Shh signalling can be emulated through the inhibition of PKA activity by a cAMP-insensitive mutant (mRI-PKA) (Epstein et al., 1996) . Consistent with this, the transfection of this mutant promoted Shh-independent proliferation of CGNPs cultures (supplementary material Fig. S3A) . Additionally, the cAMP analogue DBA reversed Shh-induced proliferation in control cells but not in the CGNPs transfected with mR1-PKA (supplementary material Fig. S3A ). Consequently, in the cells expressing mR1-PKA, DBA did not stimulate the phosphorylation of CREB, a major PKA target (supplementary material Fig. S3B ). In addition, it has been reported that Gi can be directly activated by Smo in reconstituted cell systems such as frog melanophores (DeCamp et al., 2000) and SF9 insect cells (Riobo et al., 2006) and is required for HH signalling in Drosophila (Ogden et al., 2008) . However, using whole cell lysates, neither the studies of other groups (Murone et al., 1999) nor our own (supplementary material Fig.  S3C ) have demonstrated a decrease of a cAMP upon Shh stimulation. The present data indicate that Shh-mediated regulation of PKA occurs mainly at the primary cilium base. Thus, a similar spatial restriction would be expected for the Shh-induced regulation of cAMP levels. Because cAMP participates in many signalling cascades in different subcellular compartments, it is not surprising that local changes of cAMP were undetectable in whole cell extracts.
PKA accumulates at the cilium base
The term centrosome has been commonly used to identify the pair of centrioles and associated proteins involved in the mitotic spindle organization. However, although the two centrioles remain close to each other during the cell-cycle interface, one of them becomes the primary cilium basal body (Pedersen and Rosenbaum, 2008) . It is important to note that in the present work we use the term 'cilium base' to refer to the space underneath the primary cilium shaft and not as a synonym of basal body. Thus, confocal Z-stacks revealed that PKA accumulated in the area of the centrioles but did not colocalize with them ( Fig. 1D and supplementary material Fig. S2 ). Although our work is the first to demonstrate the accumulation of PKA at the primary cilium base, the presence of PKA in the region of the centrioles has long been known, even though in all previous reports the centrioles were considered as part of the centrosomes and never as primary cilium basal bodies. The initial description (Nigg et al., 1985) reported that RII-PKA could be detected at the centrosome during mitosis and more intensely in the Golgi area during the interface. Considering that no specific centriole markers were available at the time of these reports and that the primary cilium base is very close to the Golgi apparatus (Sorokin, 1968) , it is very probable that the PKA spot observed by these authors in non-mitotic cells represents the accumulation of PKA at the primary cilium base, as we describe in the present report. In accord with this, we found that in CGNPs the pool of C-PKA is frequently surrounded by cis-and trans-Golgi vesicles (supplementary material Fig. S4) . A more recent report (De Camilli et al., 1986) , using a combination of electron microscopy and anti-RII-PKA immunostainings, demonstrated PKA accumulation at the centrosomes during mitosis and at the base of motile cilia of the ependymal epithelium, but again this spot observed in non-mitotic cells was assumed to be an accumulation at the Golgi apparatus. Based on their observations, these authors proposed that PKA accumulates at all microtubule-organizing centres. However, although these authors observed centrioles near the Golgi in quiescent cells and the existence of primary cilia in nom-mitotic cells was already documented (Sorokin, 1968) , they failed to consider the possibility that the site of PKA accumulation was the primary cilium. Since these initial reports, the supposed localization of PKA to the Golgi apparatus has attracted very little attention. With the present study, we demonstrate that in quiescent cells the accumulation of PKA is maximal in an area beneath the cilium shaft ( Fig. 1B and supplementary material Fig. S1 ), between or under the centrioles (Fig.  1C and supplementary material Fig. S2 ), and it does not colocalize with the Golgi apparatus (supplementary material Fig. S4 ). In addition, an accumulation of C-PKA was not observed in metaphasic or anaphasic cells (supplementary material Fig. S5 ), indicating that the PKA accumulation in the region of the centrioles favours the centrioles forming the primary cilium basal body as compared to the centrioles organizing the mitotic spindle. Likewise, the association of RII-PKA to AKAP molecules has been reported in many subcellular locations including the centrioles (McConnachie et al., 2006) . It was reported initially that a 350 kDa RII-PKA binding protein could be found in centriolar samples purified through sucrose gradient centrifugation (Keryer et al., 1993) . When the sequence of AKAP-350 was revealed, the generation of specific monoclonal antibodies confirmed the colocalization of AKAP-350 with centrioles during mitosis (Schmidt et al., 1999) . However, regarding RII-PKA, the AKAP-350 staining during interface was very intense and localized mainly to one of the centrioles. Although none of these studies mentioned the possible association between AKAP-350 and RII-PKA at the cilium base, images presented in these reports are certainly suggestive of this colocalization. Therefore, the results that we now present are in agreement with the previous reports, although either the absence of good primary cilium markers or the lack of interest in this organelle might have precluded prior detection of PKA at the cilium base.
Shh regulates PKA activity at the cilium base compartment
Although PKA is undoubtedly the main target of cAMP, a very large number of extracellular factors contribute to the regulation of cell cAMP levels. Thus, the G-protein-coupled receptors (GPCRs) associated with both stimulatory and inhibitory G proteins transduce signals from growth factors, neurotransmitters and extracellular matrix molecules to regulate intracellular cAMP levels. However, based on various lines of evidence, it seems unlikely that Shh signalling is mediated by global changes in cellular cAMP(PKA) activity. The recent reports that have demonstrated the accumulation of different Shh signalling molecules at the cilia clearly predicted a local regulation of the pathway downstream of Smo. Furthermore, both anterograde and retrograde cilium motor proteins seem to be required for Shh signalling, indicating that this regulation requires not just an accumulation of these molecules in the cilium, but also a continuous trafficking of proteins such as the Gli factors. An interesting working model has recently been proposed whereby the formation of a complex containing Gli, Smo and SuFu at the tip of the cilium results in the molecular modification of Gli, which targets it to the proteasome (Eggenschwiler and Anderson, 2007) . Unfortunately, as of yet, there is no experimental evidence to support the existence of this complex or the Gli modifications, although the possibility of complexes between IFT proteins and Gli members is strengthened by the recent description of complexes containing Kif3a, -Arrestin and Smo in the cilium shaft (Kovacs et al., 2008) . The deficiency of IFT proteins has both positive and negative effects on the actions of Gli factors, indicating that the generation of the repressor forms of Gli2/3 also requires the integrity of the cilium (Huangfu and Anderson, 2005; Liu et al., 2005; May et al., 2005) . However, it is not known whether processing of Gli occurs before or after transport to the cilium region. It is tempting to speculate that the accumulation of Smo in the cilium might control the activity of the Gi proteins present in the cilium membrane, which in turn would repress the local ciliar adenylate cyclase. In accord with this notion, large amounts of type III adenylate cyclase have been reported to accumulate in the cilium but the function of this localization is not known (Bishop et al., 2007) (supplementary material Fig. S6 ). Based on this hypothesis, Shh would generate a local environment of low cAMP(PKA) activity at the cilium. Thus, in the absence of Shh, the cilium would act as a 'cAMP gun' to activate the PKA accumulated at the cilium base. In adult hippocampal neurons, the RII-PKA is anchored at the dendrites by MAP-2, a RII-PKA-specific AKAP (Zhong et al., 2009 ) and upon activation of PKA by -adrenergic stimulation, the C-PKA is released and enters the dendritic spines where it plays a crucial role in long-term potentiation (LTP) acquisition. Likewise, P350-AKAP concentrates at the centriole region (Shanks et al., 2002) , forming complexes with RII-PKA and casein kinase (CK) (McConnachie et al., 2006) , two of the three enzymes required for the processing of Gli factors. Thus, although the localization of PKA is optimal for interacting with Gli factors as they enter or exit the cilium, questions related to where Gli factors are processed and the identity of the Gli forms present in the cilium must be clarified before a working model for PKA function at the cilium base can be firmly established.
Materials and Methods
Cerebellar granular neuronal precursors cell culture and transfection
Cerebellar granular neuronal precursors cell culturing and plate coating were performed as described previously (Alvarez-Rodriguez and Pons, 2009). For transient transfection experiments, cells were electroporated in suspension and plated in Neurobasal medium supplemented with 150 mM KCl, B-27 and glutamine (Invitrogen, Carlsbad, CA). Depending on the experiment, the mitogen Shh was added as indicated (3 g/ml). Electroporation was performed using the Microporator MP-100 (Digital Bio, Seoul, Korea) according to manufacturer's instructions, with a single pulse of 1700 mV for 20 mseconds.
Plasmid preparation
Full-length cDNAs of mouse RI and RII PKA were kindly provided by Stan McKnight and were used to generate the RII 2-5 PKA and RII 2-50 PKA mutants. The smoothened M2 mutant was obtained from Frederic J. de Sauvage and wild-type Smoothened was generated by PCR. All these cDNAs were tagged by PCR and cloned into the pCIG bicistronic vector containing nuclear EGFP as a reporter. The constructs used for FRET experiments (pCDNA3 RII-CFP, pCDNA3 C-YFP, the empty control vectors, and RII
2-50
-CFP) were provided by Manuela Zaccollo.
Proliferation and cAMP measurement assays
Bromodeoxyuridine (BrdU) and [ 3 H]thymidine incorporation were performed as previously described (Alvarez-Rodriguez and Pons, 2009) . Cellular cAMP levels were measured using the Biotrak cyclic AMP ( 3 H) assay system (Amersham Biosciences) according to manufacturer's instructions.
